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(57) 
Apparatus and methods for measuring oil ?oW velocity in a 
Well are provided Which utiliZe ?uorescence quenching. A 
marker Which quenches the natural ?uorescence of crude oil 
is chosen and injected into the oil ?oW at a ?rst location. At 
a second location, the oil ?oW is subjected to light at a 
Wavelength Which Will cause oil to naturally ?uoresce. The 
?uorescence signal is detected at the second location by a 
sensing probe. The time that it takes for the quenching 
marker to move from the ?rst location to the second location 
is measured by sensing a decrease in ?uorescence due to the 
quencher. Fluid velocity is determined by dividing the 
distance betWeen the marker-ejection point and the optical 
probe position by the time it took the marker to move that 
distance. 
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APPARATUS AND METHODS FOR DETERMINING 
VELOCITY OF OIL IN A FLOW STREAM 

[0001] This application claims priority from provisional 
patent application Serial No. 60/263,531 ?led Jan. 23, 2001. 

[0002] This application is related to co-oWned US. Pat. 
No. 5,831,743 entitled “Optical Probes”, US. Pat. No. 
6,016,191 entitled “Apparatus and Tool Using Tracers and 
Single Point Optical Probes for Measuring Characteristics of 
Fluid FloW in a Hydrocarbon Well and Methods of Process 
ing Resulting Signals”, US. Pat. No. 6,023,340 entitled 
“Single Point Optical Probe for Measuring Three-Phase 
Characteristics of Fluid FloW in a Hydrocarbon Well”, and 
US. Pat. No. 6,075,611 entitled “Methods and Apparatus 
UtiliZing a Derivative of a Fluorescence Signal for Measur 
ing the Characteristics of a Multiphase Fluid FloW in a 
Hydrocarbon Well”, all of Which are hereby incorporated by 
reference herein in their entireties. 

[0003] This application is also related to co-oWned, con 
currently ?led U.S. Ser. No. entitled “DoWnhole 
Fluorescence Detection Apparatus” (Docket #210918) and 
US. Ser. No. entitled “Optical Probes and Probe 
Systems for Monitoring Fluid FloW in a Well”, both of 
Which are hereby incorporated by reference herein in their 
entireties. 

BACKGROUND OF THE INVENTION 

[0004] 1. Field of the Invention 

[0005] The present invention relates to methods and appa 
ratus for determining the velocity of oil ?oWing in a Well. 
The present invention more particularly relates to the use of 
optical ?uorescence techniques for marking oil ?oWing in a 
Well. 

[0006] 2. State of the Art 

[0007] After drilling is completed, in many hydrocarbon 
Wells the borehole is lined With a casing. In order to extract 
hydrocarbon ?uids (oil and gas) from the formation sur 
rounding the borehole, holes are made in the Wall of the 
casing. The location of the holes is usually determined by 
reference to information acquired about the formation dur 
ing the drilling operation, and/or after drilling With the aid 
of logging instruments before the casing is installed. 

[0008] Various methods are used to urge the ?uid out of 
the formation, into the Well, and up to the surface. In most 
cases, the ?uid traveling to the surface is a mixture of tWo 
or three ?uid components (phases): oil (liquid hydrocarbon), 
hydrocarbon gas, and Water (or brine). The ?uid is collected 
at the surface and is handled in different Ways, depending on 
the relative proportion of each phase. For example, if the 
?uid contains a relatively small amount of gas, the gas may 
be burned at the Well site since it is not economically 
practical to process small amounts of gas. If the ?uid 
contains relatively large amounts of Water, it may be eco 
nomically impractical to continue production operations at 
the site. In fact, even While the Well is producing petroleum 
products, the disposal of Water produced from the Well is 
very costly. In general, the different phases of the Well ?uid 
enter the Well from different locations, and a high Water 
content can be the result of improperly located perforations 
in the casing. If it is possible to determine Where Water is 

Feb. 13, 2003 

entering the Well, perforations in the casing can be plugged 
and the proportional amount of Water in the ?uid reduced. 

[0009] The relative volumetric ?oW rates (?oW rate frac 
tions) of the oil, gas, and Water through the Well is knoWn in 
the art as the “cut”. The “holdup” is a measure of relative 
proportions of each phase in a selected volume of ?uid in the 
Well; i.e., the volume fraction. The cut and holdup are not in 
general the same, because the different phases may be, and 
are in general, ?oWing at different average speeds. In addi 
tion, both the volumetric ?oW rate and the volume fraction 
Will vary over time and vary at different depths in the Well. 

[0010] Various methods and devices have been used for 
many years to estimate the volumetric ?oW rate and the 
holdup of each phase at different depths in a Well over time. 
Most of the methods of the prior art measure volumetric ?oW 
rate or holdup averaged over the cross-sectional area of the 
Wellbore. The principal devices for measuring ?oW rates 
employ propellers or turbines Which are assumed to measure 
the average volumetric ?oW rate of the entire ?uid mixture. 
HoWever, propellers and turbines are typically ineffective in 
providing even their limited quantitative measurement When 
the Well is not substantially vertical (i.e., When the Well 
deviates more than ?ve degrees from vertical). Other devices 
of the art measure differential pressure to determine the 
average density of the ?oWing mixture. These devices lose 
their accuracy When ?uid ?oW rate is high or the Well is 
substantially inclined. Still other methods and devices for 
measuring holdup include the use of electrical plates to 
measure capacitance of the ?uid and make a determination 
of the ?uid content based on variations in capacitance. 
Similar systems measure resistivity or measure dielectric 
constant in the presence of RF radiation. 

[0011] Recent devices derive the Wellbore cross-sectional 
averaged volumetric ?oW rate and holdup from a number of 
local measurements made Within the Wellbore. The accuracy 
of these averaged volumetric ?oW rate and holdup determi 
nations depends on the accuracy of each local sensor 
(probe), the deployment of a suf?cient number of probes, 
and, in the case of non-vertical Wells, knoWledge of mul 
tiphase ?oW in the inclined pipe. To date, the local sensors 
Which have been used have been mostly electrical sensors 
Which respond to the resistivity of the ?uids in the Wellbore. 
HoWever, electrical probes can only measure the holdup and 
volumetric ?oW rates of the dispersed phase (e.g., the oil 
holdup in an oil-Water system Which is more than about 
sixty-?ve percent Water). 
[0012] For continuous phase velocity (liquid system), the 
method presently considered of choice is to use tracers 
(sometimes referred to as markers). Continuous phase 
velocities are particularly important in the high tier market 
of horiZontal Wells. A tracer is injected into or created in the 
?oW stream and its arrival doWnstream is recorded. Typi 
cally, the tracer is required to travel approximately ten pipe 
diameters (or more) to provide a suf?ciently Well developed 
?oW. 

[0013] There are at least three Well knoWn tracers meth 
ods: radioactive tracers, oxygen activation, and a gadolinium 
tracer. The radioactive tracer consists of a ?uid With a 
relatively short-half life (hours or a feW days). A gamma-ray 
detector is used to measure the velocity via the time-of-?ight 
technique (distance/time). This technique has the disadvan 
tage of requiring the storage, handling, and ejection of a 
radioactive material. 
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[0014] With oxygen activation, a neutron generator is used 
to convert stable oxygen into a radioactive isotope of 
nitrogen. A gamma-ray detector is used to detect the time 
that the activated material reaches the detector. There is no 
direct handling of radioactive materials, but the technique 
has problems With sloW velocities and the need for the 
source-to-detector spacing of ten diameters. 

[0015] The gadolinium tracer may be used in either a 
Water-soluble or an oil-soluble compound to monitor the 
respective phase velocities. Because of its extremely high 
thermal neutron capture cross section, the Gd tracer causes 
a change in the absorption decay rate of the host phase. A 
thermal-decay time tool (like the RST-A tool) is used to 
detect this change as the Gd-doped ?uid passes the tool’s 
gamma-ray detectors. This technique requires use of a 
thermal-decay time tool, thus increasing the cost and com 
plexity of phase velocity acquisition. (Other isotopes such as 
boron can be used instead of Gadolinium, but the signal-to 
noise ratio is much Worse). 

[0016] A fourth tracer technique is disclosed in previously 
incorporated US. Pat. No. 6,016,191 to Ramos et al. 
According to the ’191 patent, a ?uorescent tracer is injected 
at a ?rst location into the ?oWing ?uid, light having a 
Wavelength Which causes the ?uorescent tracer to ?uoresce 
is introduced into the ?uid at a second location, and a 
detector at the second location Which detects light at the 
?uorescing Wavelength is used to determine When the tracer 
is present. The distance betWeen the locations, and the time 
it takes from injection of the ?uorescent tracer until detec 
tion by the detector provides an average ?uid velocity. 
According to the ’191 patent, an oil soluble tracer is utiliZed 
When oil constitutes the continuous phase of the ?uid, and a 
Water soluble tracer is used When Water constitutes the 
continuous phase of the ?uid. 

[0017] Previously incorporated US. Pat. No. 6,023,340 to 
Wu et al. and US. Pat. No. 6,075,611 to Dussan et al. also 
utiliZe an optical system Which measures ?uorescence in 
order to measure oil velocity; albeit Without the aid of a 
tracer. In particular, the ’611 patent suggests that light can be 
injected into a multiphase ?uid at a ?rst Wavelength Which 
Will cause oil to naturally ?uoresce at a second Wavelength, 
and that detection of the ?uorescence signal over time (and 
processing of the derivative signal thereof) can be used to 
obtain information regarding oil drop velocity, ?oW rate and 
holdup. 

[0018] While the techniques described in the previously 
incorporated patents represent large steps forWard in the art, 
and are useful in most circumstances, there exists at least 
one particular circumstance When a ?uorescing marker or 
the natural ?uorescence of the oil cannot be easily utiliZed 
to measure oil velocity. In particular, in a single phase ?oW 
of heavy oils, the natural ?uorescence cannot be utiliZed 
because oil droplets are not distinct. Likewise, the ?uoresc 
ing marker cannot be easily utiliZed because the heavy oil is 
optically opaque, and the ?uorescent tracer Would have to be 
present at unacceptably high concentrations to compete for 
injected photons. In addition, the natural ?uorescence of 
heavy crudes can interfere With the ?uorescence measure 
ments of the marker. 
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SUMMARY OF THE INVENTION 

[0019] It is therefore an object of the invention to provide 
apparatus and methods for measuring the velocity of oil 
?oWing in a Well. 

[0020] It is another object of the invention to provide 
apparatus and methods for determining oil ?oW velocity 
using optical techniques. 
[0021] It is a further object of the invention to provide 
mechanisms for measuring oil ?oW velocity in a Well Which 
utiliZe existing tools of the art. 

[0022] In accord With the objects of the invention, appa 
ratus and methods for measuring oil ?oW velocity in a Well 
are provided Which utiliZe ?uorescence quenching. In par 
ticular, a marker Which quenches the natural ?uorescence of 
crude oil is chosen and injected into the oil ?oW at a ?rst 
location. At a second location, the oil ?oW is subjected to 
light at a Wavelength Which Will cause oil to naturally 
?uoresce. The ?uorescence signal is detected at the second 
location by a sensing probe. The time that it takes for the 
quenching marker to move from the ?rst location to the 
second location is measured by sensing a decrease in ?uo 
rescence due to the quencher. Fluid velocity is determined 
by dividing the distance betWeen the marker-ejection point 
and the optical probe position by the time it took the marker 
to move that distance. 

[0023] Fluorescence quenching may be accomplished in 
three fundamental Ways: the tracer can absorb the source 
light making it unavailable to excite ?uorescence in the oil; 
the tracer can absorb ?uorescing light thereby reducing the 
amount of light at the ?uorescence Wavelengths detected; 
and the tracer may quench ?uorescence of the crude oil by 
deactivating electronically excited states of the crude oil 
aromatic molecules Which are primarily responsible for 
crude oil ?uorescence. Recognizing these different mecha 
nisms for quenching, various ?uorescence quenchers or 
combinations thereof may be utiliZed. The quencher is 
preferably a liquid, and may take the form of a solute 
dissolved in a solvent. The solute and the solvent may be 
chosen such that they quench ?uorescence in different 
manners. 

[0024] Additional objects and advantages of the invention 
Will become apparent to those skilled in the art upon 
reference to the detailed description taken in conjunction 
With the provided ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a schematic diagram of a production 
logging tool incorporating a tracer injector and detector 
apparatus according to the invention in an oil Well and 
coupled to associated surface equipment; 

[0026] FIG. 2a is a simpli?ed schematic diagram of a ?rst 
embodiment of the coupling of a light source and detectors 
to an optical probe according to the invention; 

[0027] FIG. 2b is a simpli?ed schematic diagram of a 
second embodiment of the coupling of a light source and 
detectors to an optical probe according to the invention; 

[0028] FIG. 2c is a schematic diagram of a presently 
preferred third embodiment of the coupling of a light source 
and detectors to an optical probe according to the invention; 
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[0029] FIG. 3 is a diagram of details of the third embodi 
ment of the coupling shown in FIG. 2c; 

[0030] FIG. 4a is an exemplary graph of a quenched 
?uorescence signal from a tracer detector located a distance 
ten times the Well diameter from the injector; 

[0031] FIG. 4b is an exemplary graph of a quenched 
?uorescence signal from a tracer detector located a distance 
one hundred times the Well diameter from the injector; 

[0032] FIG. 5 is a schematic block diagram of signal 
processing methods according to the invention for determin 
ing oil velocity; and 

[0033] FIGS. 6a-6c are plots shoWing the ?uorescent 
quenching effect at different Wavelengths by different con 
centrations of CC14 and CS2 in light, medium, and heavy 
crude oils. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0034] For purposes of illustration, the invention Will be 
described primarily With reference to a production logging 
tool. HoWever, at the outset, it should be appreciated by 
those skilled in the art that the invention can be implemented 
as a permanent installation in a producing Well. 

[0035] Referring noW to FIG. 1, a production logging tool 
10 is suspended in a Well 12 by means of a cable 14 Which 
is coupled to a Winch 16 for raising and loWering the tool 10. 
The cable 14 includes conductors (not shoWn) Which may be 
either electrical or optical, or both, for communicating With 
data processing equipment 18 located on the surface. Acable 
displacement detector 20 is also provided at the surface in 
order to determine the depth of the tool 10 When it is loWered 
into the Well 12. During production, ?uid from the Well is 
collected at the surface and conducted by a duct 22 to a 
storage or re?ning facility (not shoWn). 

[0036] The tool 10, according to the preferred embodi 
ment of the invention, generally includes an injection tube 
24 Which is coupled to a source of ?uorescence quenchers 
(not shoWn) via electrically operated valves (not shoWn) for 
injecting a selected amount of the quencher into the ?oW of 
?uid inside the casing 11 (Which While shoWn in a vertical 
Well, may also be used in a highly deviated or horiZontal 
Well). The injection tube 24 is mounted on a ?rst spring boW 
26 and is coupled to an injector 27 Which is mounted inside 
the tool. One or more detection probes (e.g., 30a-30e) are 
mounted on a second spring boW 28 Which is uphole 
(doWnstream) from spring boW 26. The probes 30a-30e may 
take any of various formats as disclosed in the previously 
incorporated patents and related patent applications. Also as 
described in the previously incorporated patents and related 
patent applications, the probes are coupled to a light source 
and a light detector by an optical ?ber, a ?ber coupler, and 
a ?lter. According to one embodiment of the invention, the 
optical source and detection equipment are located in the 
tool 10, eg in an upper electronics housing 32. According 
to another embodiment, optical source and detection equip 
ment are located With the data processing equipment 18 at 
the surface. 

[0037] According to the invention, the injection tube and 
the detection probe preferably are located not too close 
together. In particular, the tube 24 and the probe 30 are 
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spaced apart from each other by a distance “d” in the casing 
11 Which has a diameter “D”. According to the invention, the 
distance “d” is preferably chosen relative to the diameter 
“D” While accounting for the turbulence of the ?uid ?oW in 
order to ensure mixing of the quencher in the ?uid. Often, 
the Reynolds number for ?uid ?oWs doWnhole is much 
greater than 2,000. If the probe and the injection tube are too 
close together, the signal detected When the quencher arrives 
at the probe Will exhibit a series of (inverse) peaks corre 
sponding to pockets of quencher Which are not yet Well 
mixed With the oil. As the probe and the injection tube are 
located farther apart, the quencher has more time to mix Well 
With the ?uid and the signal detected When the quencher 
arrives at the probe should represent a continuous distribu 
tion With a single Well de?ned peak indicative of the average 
velocity of the continuous phase. For example, FIG. 4a 
shoWs a plot of the ?uorescence signal detected Where the 
distance betWeen the injector and the probe is d=10D. The 
square pulse at the left of FIG. 4a indicates the time of 
quencher injection. The (inverse) peaks in the ?uorescence 
signal shoW that the quencher is passing the probe in pockets 
of different concentration With the ?rst peak indicating the 
maximum velocity of the quencher in turbulent ?oW. It is 
possible for a processor to estimate the average velocity 
from the maximum using the knoWn Well radius and the 
knoWn radial location of the probe. For example, When the 
dispersed phase holdup is small, the continuous phase local 
velocity u at a radial position r can be approximated by 
Equation 1 Where urnaX is the maximum continuous phase 
speed and R is the radius of the casing: 

[0038] The average continuous phase speed is given by: 

i 27r R R — r 1/7 (2) 

“mmfol R ) ’d’ 

[0039] It is simpler and more accurate to move the injec 
tion tube and the probe farther apart (e. g., preferably d=22D; 
although d may be greater than 22D such as d=40D, or 
d>40D). FIG. 4b shoWs a plot of the ?uorescence signal 
detected as a result of the quencher Where the distance 
betWeen the injector and the probe is d=100D. The square 
pulse at the left of FIG. 4b indicates the time of tracer 
injection. The inverse peaks in the ?uorescence signal shoW 
that the quencher is passing the probe in pockets of different 
concentration. HoWever, the concentrations are relatively 
continuously increasing to a recogniZable peak concentra 
tion (from Which an average velocity can be determined) and 
then relatively continuously decreasing to a level of no 
concentration of quencher. 

[0040] Further, if desired, quencher uniformity across the 
?uid ?oW may be expedited by injecting the dye in a manner 
perpendicular to the ?uid ?oW. In this manner, the quencher 
Will not carry an initial velocity. 

[0041] Turning noW to FIG. 2a, in order to detect the 
?uorescence signal, each optical probe, e.g. 30a, is optically 
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coupled to a respective light source 40, re?ectance detector 
42, and ?uorescence detector 44. According to a ?rst 
embodiment, the light source 40 and re?ectance detector 42 
are optically coupled to a ?rst ?ber optic 46 by Way of a 1:1 
directional coupler (?ber beam splitter) 48. The ?uorescence 
detector 44 and the ?ber optic 46 are optically coupled to a 
second ?ber optic 50 by Way of a Wavelength division 
multiplexer 52. The second ?ber optic 50 is optically 
coupled to the probe 30a. An optical ?lter 54 is optionally 
placed in the optical path betWeen the multiplexer 52 and the 
?uorescence detector 44. The arrangement of source and 
detectors in this embodiment is designed to operate doWn 
hole in the logging tool. Accordingly, according to one 
embodiment of the invention the light source is a laser diode 
such as a HoneyWell HFE4050 Which operates correctly at 
temperatures up to 100° C. (although other laser diodes or 
non-laser light sources such as high brightness LEDs can be 
utiliZed). The laser diode emits red light in the 680-690 nm 
range. At this Wavelength, oil Will ?uoresce at a Wavelength 
in the range of 700-850 nm or longer. Asuitable multiplexer 
for isolating ?uorescent light in this spectrum is the Mux 
optic MX.125 series from ATI Electronique. The use of a 
multiplexer and the arrangement of the components is aimed 
at minimiZing attenuation of the ?uorescent light entering 
the tip of the probe 30a and preventing source light and 
re?ected light from reaching the ?uorescence detector 44. 
This is important because the intensity of the ?uorescent 
light is much loWer than the intensity of the light source and 
the re?ected light and, to start With, the intensity of the laser 
diode and other likely light sources is not very high. It Will 
also be appreciated that in order to further minimiZe attenu 
ation of the ?uorescent light, the multiplexer 52 is located in 
the optical path betWeen the probe 30a and the coupler 48. 
The optional ?lter 54 in this embodiment is only necessary 
if the multiplexer does not suf?ciently prevent the detector 
44 from seeing re?ected light. The outputs of the detectors 
42, 44 are provided in preprocessed form to data processing 
equipment 18 (FIG. 1) Which is preferably located on the 
formation surface. 

[0042] An alternative arrangement of probe, source and 
detectors is shoWn in FIG. 2b. In this arrangement, there is 
signi?cantly more attenuation, but the need for a multiplexer 
is eliminated. Thus, according to this embodiment, light 
source 40‘ and re?ectance detector 42 are coupled to the ?rst 
optic 46 by Way of the 1:1 directional coupler (?ber beam 
splitter) 48. The ?uorescence detector 44 and the ?ber optic 
46 are optically coupled to the second ?ber optic 50 by Way 
of another ?ber beam splitter 53 and the second ?ber optic 
50 is optically coupled to the probe 30a. An optical ?lter 55 
is placed in the optical path betWeen the splitter 53 and the 
?uorescence detector 44 to prevent the detector 44 from 
detecting re?ected light. Apossible alternative to the use of 
the ?lter 55 is to provide a ?ber optic With an internal grating 
Which acts as a ?lter. The outputs of the detectors 42, 44 are 
provided in preprocessed form to data processing equipment 
18 (FIG. 1) Which is preferably located on the surface. In 
addition, according to one embodiment of the invention 
discussed beloW, the light source 40‘ is also controlled 
according to a duty cycle by the data processing equipment 
18 or by doWnhole electronics (not shoWn) in housing 32 or 
body 24. 
[0043] As mentioned above, the light source and the 
detectors may be located doWnhole in the tool or uphole With 
the data processing equipment. When located doWnhole, a 
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compact laser diode is an appropriate light source, although 
other light sources high brightness LEDs may be utiliZed. 
When located uphole, hoWever, a more poWerful light 
source such as a higher poWered laser is appropriate. Those 
skilled in the art Will appreciate that the detectors may be 
fabricated from any photodetector suitable for use With the 
particular light source given the Wavelength and intensity of 
the source. For example, if the light source is the laser diode 
mentioned above, a suitable detector Would be a HoneyWell 
HFD3022. Alternatively, if an LED With optical output of 
470 nm is used, a suitable detector Would be a high tem 
perature photomultiplier such as the EMR 741N available 
from EMR of Princeton, NJ. 

[0044] Turning to FIG. 2c, a presently preferred arrange 
ment of probe, source and detectors is shoWn. As in the other 
tWo embodiments, in the preferred embodiment of FIG. 2c, 
each optical probe (e.g., 30a) is optically coupled to a 
respective light source, re?ectance detector, and ?uores 
cence detector. According to the third preferred embodi 
ment, the light source 40“ is a light emitting diode (LED). 
As is discussed hereinafter With reference to FIG. 3, LED 
40“ and ?uorescence detector 44 are coupled to the ?rst 
optic 46 by Way of a dichroic mirror 47. The ?rst optic 46 
and a second optic 49 (Which is coupled to the re?ectance 
detector 42) are optically coupled to another ?ber optic 50 
by Way of a ?ber beam splitter 53. The ?ber optic 50 is 
optically coupled to the probe 30a. The beam splitter 53 is 
preferably arranged to pass at least ninety percent of light 
received from ?ber optic 50 to the ?rst ?ber optic 46. 

[0045] Additional details of the probe source and detector 
assembly of FIG. 2c are seen in FIG. 3 and are described in 
more detail in the previously incorporated concurrently ?led 
applications. The provided assembly of optical components 
enables a simultaneous detection of ?uorescence and re?ec 
tance from a single ?ber probe. The design maximiZes signal 
sensitivity With a loW noise ?gure. Tests have shoWn its 
reliable performance at high temperature. The assembly 
includes, among other things, a light source 40“, a re?ec 
tance detector 42, a ?uorescence detector 44, a ?rst optic 46, 
a dichroic mirror 47, a second optic 49, a third ?ber optic 50, 
a beam splitter/coupler 53, the probe 30, a short pass ?lter 
61, a dichroic long pass ?lter 63, and a lens 65. The light 
source 40“ is a light emitting diode (LED). LEDs are not as 
good as lasers in terms of the coupling efficiency With ?ber 
optics, but their energy conversion efficiency is comparable 
to lasers. Also, LEDs can Work at considerably higher 
temperature than their laser counterparts. They are loW cost, 
small, fairly narroW in bandWidth and simple to operate. 
LEDs are available in a broad range of Wavelengths, from 
UV (375 nm) to near infrared, and in a variety of packaging. 
In the preferred embodiment, the LED is epoxy resin pack 
aged With a light directivity (the emission half-angle) 
betWeen 7 to 15 degrees, although LEDs in other packaging 
and With different light directivity may be used 

[0046] The short-pass ?lter 61 is an optical element that 
passes light beloW a certain Wavelength (knoWn as the ?lter 
edge) While rejecting light above that Wavelength. The 
short-pass ?lter cuts off the tail emission of the source LED 
40“. The ?uorescence of crude oils spreads over a range of 
Wavelengths. The ?uorescence is the strongest next to the 
excitation Wavelength and decreases quickly as the Wave 
length moves aWay from it. The emission spectrum of an 
LED, on the other hand, exhibits a Gaussian distribution. 
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Namely, its radiation extends to both sides of the center 
peak, and so Will overlap With the ?uorescence. Though the 
power intensity fades quickly, the tail of the source is still 
strong enough to overWhelm the usually feeble signal of 
?uorescence. To address this problem, the short-pass ?lter 
61 is put in front of the LED to clean up the tail emission. 
The preferred short-pass ?lter has a steep transition in 
absorbance, from OD 0.1 to OD 4 in just a feW tens of 
nanometers in Wavelength. The edge of the ?lter (transition) 
is set next to the main emission of the source LED before the 
signal band starts. This cuts off the leakage of the tail 
emission effectively by four orders of magnitude (OD 4). 

[0047] The dichroic mirror 47 re?ects the main portion of 
the LED emission spectrum by ninety degrees, and the 
re?ected light is focused With the lens 65 toWard the 
entrance of a ?ber optic 46. The re?ection band of the mirror 
47 is tailored according to the source Wavelength; ie it 
re?ects mainly the source emission but alloWs longer Wave 
length portion of the spectrum (?uorescence) coming back 
from the ?ber optics to pass through. In this respect, it 
functions just like a long-pass ?lter (LP). Thus, both the 
source input and the signal paths are able to utiliZe the full 
cross-section of the ?ber optics, helping achieve a high 
?uorescence signal level. The center of the edge of the 
dichroic mirror transmission (corresponding to the 50% 
transmission) is placed in the middle of those betWeen the 
short-pass ?lter 61 and the long-pass ?lter 63. 

[0048] Because the source excitation and the returning 
signals (re?ectance and ?uorescence) share the same optical 
path (i.e., ?ber optic 50) at the probe, they have to be divided 
someWhere along the optical path. According to the pre 
ferred embodiment of the invention, a splitter 53 (also called 
a coupler, depending on Which direction the light goes) is 
used to split the optical poWer from ?ber 50 into tWo or more 
branches (?bers 46 and 49). Because the re?ectance signal 
is tWo or three orders of magnitude stronger than the 
?uorescence signal, and the light directed to the re?ectance 
detector is taken from the total, i.e., at the price of reducing 
the poWer injection and the ?uorescence, in the preferred 
embodiment of the invention, splitter 53 is preferably 
arranged to provide at least ninety percent of the signal to the 
?uorescence detection optic 46 and at most ten percent to the 
re?ectance detection optic 49. Details of a preferred splitter 
are seen in the previously incorporated concurrently ?led 
applications. 

[0049] In order to detect the very Weak ?uorescence 
signal, the re?ected source light as Well as the source 
scattering are preferably blocked out at the ?uorescence 
detector 44. This is achieved by using the long-pass ?lter 63 
in addition to the dichroic mirror 47 mentioned above. The 
long-pass ?lter 63 alloWs the transmission of Wavelengths 
longer than the ?lter edge While rejecting those beloW it. 
Similar to the short-pass ?lter, the rejection/pass transition 
can occur in just several tens of nanometers from OD>4 to 
OD 0.1. According to the invention, the long-pass ?lter can 
be made of either a stack of dichroic layers or of color glass, 
or both. The spectral edges of the short-pass ?lter 61 and the 
long-pass ?lter 63 are preferably chosen to be as close as 
possible so as to maximiZe the signal. HoWever, they should 
remain mutually exclusive in the pass band. The combined 
performance of absorbance (i.e., putting the tWo ?lters in 
series) is preferably not less than OD 4 throughout the range 
of interest. 
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[0050] The probe source and detector assembly functions 
as folloWs. Light from the LED 40“ ?rst passes through the 
short-pass ?lter 61 Which cleans up the unWanted tail 
emission. The ?ltered light is then re?ected forWard by the 
dichroic mirror 47 (With higher Wavelengths Which escaped 
?ltering passing through the mirror instead of being 
re?ected). The re?ected light is then focused by lens 65 onto 
?ber 46. Fiber 46 forWards the light to the splitter/coupler 53 
Which then passes onto the probe 30. 

[0051] Light re?ected by or ?uorescing from a ?uid 
sample is carried by the probe 30 and ?ber 50 back to the 
splitter/coupler 53. The splitter/coupler 53 forWards a por 
tion of the light via ?ber 49 to the re?ectance detector 42 and 
another portion (preferably 90% or more) to ?ber 46. Light 
received by ?ber 46 travels through the lens 65, and reaches 
the dichroic mirror 47. Because the ?uorescence Wave 
lengths are longer (i.e., they have undergone a red shift) than 
the re?ected signal’s Wavelength, the ?uorescence signal 
passes through the dichroic mirror, While the re?ected light 
is again re?ected by the dichroic mirror (toWard the LED). 
The passed ?uorescence signal is then received by the 
long-pass ?lter 63 and is converged onto the sensing area of 
?uorescence detector 44, Which may be a photodiode. The 
long-pass ?lter 63 blocks the source scattering from entering 
the detector 44. 

[0052] It should be noted that some color glass ?lters 
?uoresce. This means that While absorbing source scattering, 
the ?lter itself becomes a source of longer Wavelengths. 
Thus, in accord With the preferred embodiment of the 
invention, a loW ?uorescent long-pass ?lter is utiliZed, or (as 
shoWn in FIG. 3) a dichroic long-pass ?lter is used in front 
of the color glass 65. Dichroic ?lters do not ?uoresce. 

[0053] As Will be appreciated by those skilled in the art, 
the ?uorescence yield of crude oils is a function of the 
excitation Wavelength. Generally, ?uorescence yield 
increases as the excitation Wavelength decreases. Further 
more, the high ?uorescence yield in the shorter Wavelengths 
of excitation is accompanied by a stronger absorbance in 
crude oils. Therefore, the ?uorescence signal intensity per 
unit source poWer increases as the source color moves from 
red to blue. For a strong ?uorescence signal, it is desirable 
to use a blue source. HoWever, using a red source has its 
advantages. When oil passes through the probe, it often 
leaves a thin oil residue on the tip. Depending on the 
Wettability of the probe, oil ?lms can have a signi?cant 
effect on the signal. They cause an unstable Water signal 
level and sometimes even a false positive of the oil detec 
tion. These problems are aggravated With the blue source 
and dark oils due to the strong absorbance and high ?uo 
rescence yield. Using a red excitation minimiZes these 
problems, because both factors decrease for a given oil ?lm 
thickness. But the loW oil ?lm effect is at the price of a loWer 
signal. For light crudes, oil ?lms do not cause a problem; 
rather, the Weak signal is the main concern. In short, the 
preferred color of the source excitation depends on the crude 
oil to be measured. If desired, the apparatus of the invention 
may be equipped With more than one LED/color of excita 
tion, e.g., NSPB500S, a Nichia blue LED (peak Wavelength 
470 nm); NSPG500S, a Nichia green LED (peak Wavelength 
520 nm), a TLRH180P, a red LED made by Toshiba (peak 
644 nm; a secondary emission peak at 870 nm). Other LEDs 
having other excitation Wavelengths may also be incorpo 
rated into the apparatus. 
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[0054] With the provided apparatus, the method of the 
invention for measuring oil velocity is carried out as seen in 
FIG. 5. At 100, a ?uorescent quencher is injected into the 
continuous oil phase of the ?uid stream doWnhole 
(upstream) of an optical probe, and a timer is started. At 102, 
the ?uorescence of the oil is detected at the optical probe and 
monitored over time for a decrease (quenching) of the 
signal. If desired, the timer may be stopped When the 
(inverse) peak signal is obtained. The detected signal (or 
timer indication) and the distance betWeen the location of 
injection and the location of detection are then used at 104 
to calculate oil velocity; i.e., ?uid velocity is determined by 
dividing the distance betWeen the quencher ejection point 
and the optical probe position by the time it took the 
quencher to move that distance. 

[0055] Fluorescence quenching may be accomplished in 
three fundamental Ways: the tracer can absorb the source 
(excitation) light making it unavailable to excite ?uores 
cence in the oil; the tracer may quench ?uorescence of the 
crude oil by deactivating electronically excited states of the 
crude oil aromatic molecules Which are primarily respon 
sible for crude oil ?uorescence; and the tracer can absorb 
?uorescing light thereby reducing the amount of light at the 
?uorescence Wavelengths detected. 

[0056] The ?rst method, reduction of crude oil ?uores 
cence by absorption of excitation light requires that the 
crude oil-quencher mixture be signi?cantly darker than just 
the crude oil itself. This is easy to accomplish only for the 
lightly colored crude oils. For dark crude oils, this is dif?cult 
to accomplish at desirable concentrations of tracer (~10'3 to 
10-4 per volume). 
[0057] The second method of ?uorescence reduction 
occurs by interaction of the electronically excited crude oil 
molecules (after photoabsorption) With the quencher. This 
interaction can occur via many different physics interactions 
such as resonant dipole coupling, spin-orbit coupling With 
paramagnetic tracers, adjacent heavy atom effect, chemical 
complex formation and chemical reaction. 

[0058] It should be appreciated by those skilled in the art 
that a single quencher can reduce ?uorescence both by 
absorption of source light and by quenching via one or more 
of the mechanisms listed here. In addition, recogniZing that 
different mechanisms for quenching exist, various ?uores 
cence quenchers or combinations thereof may be utiliZed. 
The quencher is preferably a liquid, and may take the form 
of a solute dissolved in a solvent. Thus, a solid quencher 
With one ?uorescence reduction or quenching method can be 
dissolved in a liquid that reduces ?uorescence by a second 
method. 

[0059] Set forth beloW are some combination quenchers 
along With their ?uorescence reduction values. The values 
are determined using the Stern-Volmer relation. The quench 
ing measurement is determined by comparing the intensity 
of ?uorescence from quenched (IF) and unquenched (IFO) 
solutions as a function of quencher volume fraction <Q>. 
Normally, molarity is used in the Stern-Volmer equation, but 
according to the invention, it is desirable to obtain maximum 
quenching for minimum tracer volume fraction. The Stern 
Volmer equation is derived from the decay rate equation. 

kF=kFQ+kQ<Q> (3) 
[0060] Where kF is the excited state decay rate, kFO is the 
excited state decay rate in the absence of quencher Q and kQ 
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is the quencher decay rate. Dividing by kFO and noting that 
kF/kFO=IFO/IF, equation (3) leads to the Stern-Volmer equa 
tion. 

[0061] By plotting IFO/IF vs<Q>, one gets the quenching 
ef?ciency E (=kQ/kFO). Table 1 lists the ef?ciency in crude 
oil of various systems for Q measured in volume fraction for 
excitation at 350 nm. 

TABLE 1 

Fluorescence reduction e?iciencies for various solutions. 

Solute Solvent E 

CH2I2 Toluene 180 
CI4 CH2I2 1700 
Eu Tris" Toluene 3.6 

(none) CH2I2 280 
V0 OEP CH2I2 280 

Eu Tris-Europium tris"(2,2,6,6—tetramethyl—3,5-heptanedionate) 
VO OEP-Vanadyl Octaethylporphyrin 

[0062] The solutions in Table 1 Were saturated in the 
solutes. The loW solubility of certain solutes such as Eu Tris 
reduces the desirability of using those solutes in oil ?eld 
applications in spite of their ability to quench. CI4 is a very 
ef?cient quencher as is the adjacent heavy atom quencher 
CHZI2 (diiodomethane). The fact that diiodomethane is a 
liquid alloWs a high concentration of quencher per unit 
volume yielding a high quenching ef?ciency in Table 1. A 
solution of CI4 in CHZI2 When present in crude oil in a 
concentration of 10-4 (i.e., 100 ppm) reduces crude oil 
?uorescence by 15%, Which is easily measurable. HoWever, 
such a solution is not preferred in the oil ?eld because of the 
reactive chemistry of CI4. 

[0063] One of the best solvents knoWn for crude oils, 
carbon disul?de (CS2), exhibits a strong quenching effect 
via quantum mechanical Wave function mixing. Carbon 
tetrachloride (CCl4) quenches crude oil ?uorescence via the 
solvent heavy atom effect that induces spin-orbit coupling in 
the excited ?uorophores of crude oil. FIGS. 5a-5c shoW the 
effect on crude oil ?uorescence of adding 1% CS2, 10% 
CS2, 1% CCl4 and 10% CCl4 to light, medium (API 29) and 
heavy (API 25) black oils. If there Were no quenching effect, 
the act of dilution Would increase crude oil ?uorescence, 
although a 1% dilution Would have a very small effect. 
HoWever, quenching is signi?cant and a 1% addition of 
quenchers has an easily measured effect. 

[0064] Other quenchers may be used, such as high spin 
compounds With heavy atoms in peripheral positions, charge 
transfer complexes and Forster exchange complexes. Tem 
perature may also be considered due to the ?uorescence 
quenching that occurs in crude oils at elevated temperatures. 

[0065] There have been described and illustrated herein 
several embodiments of apparatus and methods of measur 
ing the velocity of ?oWing oil via the utiliZation of ?uores 
cence quenchers. While particular embodiments of the 
invention have been described, it is not intended that the 
invention be limited thereto, as it is intended that the 
invention be as broad in scope as the art Will alloW and that 
the speci?cation be read likeWise. Thus, While the invention 
Was described With reference to a particular Wellbore tool, it 
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Will be appreciated that other Wellbore tools could be 
utilized. As a result, rather than coupling the probes and/or 
the injector to boW springs, they may be coupled to mechani 
cal arms, mounted to the body of the tool, coupled to boW 
springs, or placed into the ?oW stream with other means. 
Also, While the use of Wellbore tools Was described, the 
invention may be carried out through use of stationary 
apparatus and/or plurnbing in or around the Wellbore and 
may be cernented into place, provided quencher can be 
delivered to the ?oW stream, and provided that optics are 
located in the ?oW stream to detect ?uorescence. In addition, 
While certain ?uorescence quenching chemicals and chemi 
cal cornbinations Were disclosed, it Will be appreciated that 
other chemicals or combinations can be utiliZed. Further, 
While certain optical apparatus Were disclosed for delivering 
light to the oil sample and for detecting the resulting 
?uorescence, it Will be appreciated that different apparatus 
can be utiliZed. In fact, While a re?ectance detector Was 
shoWn, no such detector is required to carry out the inven 
tion. Likewise, While certain methods of ?nding oil velocity 
from the detected signal and from the distance betWeen the 
injector and probe, it Will be appreciated that other methods 
of analyZing the quenched signal could be utiliZed to ?nd the 
oil velocity. Furtherrnore, While the invention Was described 
With reference to ?nding oil velocity, it Will be appreciated 
by those skilled in the art (and particularly With reference to 
the previously incorporated patents), that other parameters 
related to the oil may be obtained from the oil velocity 
inforrnation. Thus, the invention is not intended to be limited 
to simply ?nding oil velocity. It Will therefore be appreciated 
by those skilled in the art that yet other rnodi?cations could 
be made to the provided invention Without deviating from its 
spirit and scope as claimed. 

We claim: 

1. An apparatus for investigating a ?uid stream containing 
oil, comprising: 

a) an injector Which injects an oil ?uorescence quenching 
rnarker into the oil of the ?uid stream at a ?rst location; 

b) a light source Which subjects the ?uid stream to light 
at a Wavelength Which Will cause the oil in the ?uid 
stream to naturally ?uoresce; 

c) a ?uorescence detection apparatus Which detects at a 
second location a ?uorescence signal from the oil in the 
?uid strearn ?oWing past said second location. 

2. An apparatus according to claim 1, Wherein: 

said quenching marker is chosen from at least one of 
Europiurn tris*(2,2,6,6-tetrarnethyl-3,5-heptanedion 
ate), CHZIZ, C14, CS2, and CCl4. 

3. An apparatus according to claim 1, Wherein: 

said quenching marker is a solute dissolved in a solvent. 

4. An apparatus according to claim 3, Wherein: 

at least one of said solute and said solvent deactivates 
electronically excited states of aromatic molecules in 
the oil. 

5. An apparatus according to claim 3, Wherein: 

at least one of said solute and said solvent absorbs said 
light at said Wavelength from said light source. 
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6. An apparatus according to claim 1, further comprising: 

d) a processor coupled to said ?uorescence detection 
apparatus, said processor determining a velocity of the 
oil. 

7. An apparatus according to claim 6, Wherein: 

said injector injects said oil ?uorescence quenching 
marker at a ?rst time, 

said ?uorescence detection apparatus detects said ?uo 
rescence signal over a period of time including a 
second time after said ?rst time, said second time 
including a peak in said ?uorescence signal indicative 
of arrival of said oil ?uorescence quenching marker, 
and 

said processor deterrnines said velocity by dividing a 
distance betWeen said ?rst location and said second 
location by a difference in time from said ?rst time to 
said second time. 

8. An apparatus according to claim 1, Wherein: 

the oil is ?oWing in a Well having a diameter “D”, and said 
?rst location and said second location are separated by 
a distance d Which is greater than 10D. 

9. An apparatus according to claim 8, Wherein: 

said distance d is less than 100D. 
10. An apparatus according to claim 1, Wherein: 

said ?uorescence detection apparatus comprises an opti 
cal probe arranged in the ?uid stream, a ?ber optic 
coupled to the probe, an optical ?lter coupled to said 
?ber optic, and a ?uorescence detector coupled to said 
optical ?lter. 

11. An apparatus according to claim 10, Wherein: 

said ?uorescence detection apparatus comprises a plural 
ity of optical probes arranged in the ?uid stream. 

12. An apparatus according to claim 1, Wherein said ?uid 
stream is in a Well, and Wherein: 

said injector is located on a logging tool suspended in the 
Well. 

13. An apparatus according to claim 12, Wherein: 

said ?uorescence detection apparatus includes an optical 
probe arranged in the ?uid stream and coupled to said 
logging tool. 

14. An apparatus according to claim 12, Wherein: 

said logging tool includes a spring boW, and 

said ?uorescence detection apparatus includes a plurality 
of optical probes arranged in the ?uid stream and 
coupled to said spring boW. 

15. An apparatus according to claim 12, Wherein: 

said light source is coupled to said logging tool. 
16. A method for investigating a ?uid stream containing 

oil, comprising: 

a) injecting at a ?rst time an oil ?uorescence quenching 
rnarker into the oil of the ?uid stream at a ?rst location; 

b) subjecting the ?uid stream to light at a Wavelength 
Which Will cause the oil in the ?uid stream to naturally 

?uoresce; 
c) detecting over a period of time at a second location a 

?uorescence signal from the oil in the ?uid strearn 
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?owing past said detector, said period of time including 
a second time When the ?uorescence of the oil in the 
?uid stream is at least partially quenched by said 
quenching marker. 

17. A method according to claim 16, further comprising: 

d) determining a velocity of the oil as a function of said 
?rst time, said second time, said ?rst location and said 
second location. 

18. A method according to claim 16, Wherein: 

said quenching marker is chosen from at least one of 
Europium tris*(2,2,6,6-tetramethyl-3,5-heptanedion 
ate), CHZIZ, CI4, CS2, and CCl4. 
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19. A method according to claim 16, Wherein: 

said quenching marker is a solute dissolved in a solvent. 
20. A method according to claim 19, Wherein: 

at least one of said solute and said solvent deactivates 
electronically excited states of aromatic molecules in 
the oil. 

21. A method according to claim 19, Wherein: 

at least one of said solute and said solvent absorbs said 
light at said Wavelength. 

* * * * * 


